Flow dependence of fluid transport in the isolated superficial pars recta: Evidence that osmotic disequilibrium between external solutions drives isotonic fluid absorption  by Schafer, James A. et al.
Kidney International, Vol. 20 (1981), pp. 588—597
Flow dependence of fluid transport in the isolated superficial
pars recta: Evidence that osmotic disequilibrium between
external solutions drives isotonic fluid absorption
JAMES A. SCHAFER, SUSAN L. TROUTMAN, MARY L. WATKINS, and THOMAS E. ANDREOLI
Division of Nephrology, Department of Medicine, Nephrology Research and Training Center, and Department of Physiology and Biophysics,
University of Alabama in Bir,ningha,n, Birmingham, Alabama
Flow dependence of fluid transport in the isolated superficial pars recta:
Evidence that osmotic disequilibrium between external solutions drives
isotonic fluid absorption. The present studies tested the hypothesis that
osmotic disequilibrium between luminal and peritubular fluids is the
driving force for net volume absorption in the isolated proximal straight
tubule. Isolated tubule segments from superficial rabbit renal cortex
were perfused at varying rates with a high chloride and bicarbonate-free
solution as they were bathed with a normal hicarbonate-Krehs-Ringer
buffer solution at 38° C. Increasing the perfusion rate from °4 to 3()
nI/mm produced a monotonic increase in net volume absorption (J)
from 0.18 (sEM) 0.03 to 0.62 0.08 nI ' min' mm'. The chloride
concentration in collected fluid samples rose from l37 to l47 mEq/
liter over the same perfusion rate range. Ouahain (l0 M) added to the
bathing solution inhibited J by a rate which varied from 0.20 to 0.28 nI'
min mm, depending on the perfusion rate. A mathematical model of
the axial flows and transepithelial transport processes was developed.
This model, and the experimental data, is consistent with the view that
the driving force for isotonic fluid absorption in these tubules depends
on the axial maintenance of osmotic disequilibrium between the perfus-
ate and the bathing solution. Increasing the perfusion rate opposes
osmotic equilibration by minimizing the extent to which dissipative
fluxes of chloride and bicarbonate ions change the transepithelial
chloride and bicarbonate concentration gradients, and by minimizing
the tendency of the luminal cryoscopic osmolality to increase as volume
absorption occurs.
Dependance du transport de liquide vis a vis du debit dans la pars recta
superficielle isolée: Preuve de ce que le déséquilibre osmotique entre les
solutions externes gouverne l'absorption isotonique. Ce travail est destine
a évaluer l'hypothese scIon laquelle le dCséquilibre osmotique entre les
liquides luminaux et péritubulaires est Ia force motrice de l'ahsorption
nette dans Ic tube proximal droit sole. Des segments tubulaircs isolés /i
partir du cortex superficiel de lapin ont été perfusCs a des debits
variables avec une solution riche en chlorure et dCpourvue de bicarbon-
ate et immerges dans une solution tampon bicarbonate-Krehs-Ringer a
38° C. L'augmentation du debit de perfitsion de =4 a 30 nI/mm a
produit une augmentation du debit d'absorption net (J) de 0,18 (sEM)
0,03 a 0,62 0,08 nI 'min' 'mm* La concentration de chlorure dans
les échantillons de liquide collecté a augmenté de l37 a l47 mEq/
litre pour les mêmes valeurs de debit de perfusion. tin modèle mathC-
matique des debits axiaux et des processus de transport transCpithé-
liaux a été développé. Ce modèle est, ainsi que les résultats expérimen-
taux, en accord avec l'idée selon laquelle Ia force motrice de l'absorp-
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tion isotonique dans ces tubules est fonction du maintien axial d'un
desequilibre osmotique entre Ic perfusat et Ic bain. L'augmentation du
debit de perfusion soppose a l'Cquilibration osmotique en diminuant Ia
capacité des flux dissipatifs de ions des chlorure et bicarbonate de
modifier les gradients de concentration transépithéliaux de chlorure et
bicarbonate et en diminuant Ia tendance a I'augmentation de l'osmola-
lité luminale en fonction de l'absorption.
The purpose of this article is to provide experimental and
theoretical evidence to support the hypothesis that osmotic
disequilibrium between luminal and peritubular media provides
the driving force for isotonic fluid absorption in the isolated
superficial rabbit proximal straight tubule [1, 2]. Current experi-
mental data [1—4] for this nephron segment indicate that the
diffusion resistance of the paracellular pathway is sufficiently
low that, during isotonic fluid absorption, intercellular spaces
are in diffusion equilibrium with peritubular media. If this
hypothesis is correct, it follows directly that isotonic fluid
absorption is driven by effective osmotic pressure differences
between luminal and perituhular solutions, rather than by
intercellular space hypertonicity. Moreover, the osmotic dis-
equilibrium between external solutions may be quite small. Our
observations [5, 6) indicate that, for both the superficial proxi-
mal straight tubule and the superficial proximal convoluted
tubule, the osmotic water permeability coefficient (Pr) is re-
markably high, approximately 3500 p.m sec. And for such a
value of P1. one requires relatively small transepithelial osmotic
gradients, in the range of 1.6 to 6.4 mOsm/kg, to rationalize
fluid absorption rates of 0.5 to 2.0 nI min' mm_t, that is,
values comparable to in vitro [7—9] or in vivo [10, II] rates of
proximal tubular fluid absorption. In other words, given the
high hydraulic conductance of the epithelium, the tubule acts as
a "near-osmotic clamp."
We have argued [1, 2, 12) that isotonic fluid absorption in the
superficial proximal straight tubule is driven by osmotic forces
existing between luminal and perituhular media, and that two
such driving forces might occur. First, small absolute osmolali-
ty differences between luminal and peritubular solutions may
develop as a consequence of rheogenic sodium absorption [12,
13]. There is now experimental evidence for such a mechanism
in the in vivo nephron: Bishop, Green. and Thomas [14] have
found that the calculated osmolalities of fluid samples obtained
588
NaHCO3 N?
N? HCO C1
I 4 IwaSsqssa/
Fluid transport in superficial pars recta 589
0 L
Fig. 1. Schematic representation of the interplay between axial and
radial transport processes. Dashed arrows indicate dissipative ion
flows; solid arrows with circles indicate solute absorption coupled to
active transport processes: the stippled arrow indicatesosmotic volume
flow.
during the micropuncture of rat proximal convolutions were
slightly lower than those from systemic plasma. A second
mechanism for isotonic proximal fluid absorption, at least in the
case of the isolated superficial pars recta, depends on the fact
that this nephron segment is significantly more permeable to
chloride than it is to bicarbonate ions [3, 4, 15, 161. Therefore,
preferential sodium bicarbonate absorption, which produces a
rise in the tubular fluid-to-bath (TFIB) chloride concentration
ratio [7. 17], can produce an effective transepithelial osmotic
gradient even with identical cryoscopic osmolalities between
luminal and peritubular media. because of differences between
the reflection coefficients of chloride and bicarbonate ions. The
present experiments were designed to evaluate the contribu-
tions of these two mechanisms to the driving forces for isotonic
fluid transport in the superficial proximal straight tubule.
Green, Moriarty, and Giebisch in a related study, have assessed
these mechanisms in the in vivo rat proximal convoluted tubule
[18] (this issue).
Experimental rationale. The present experiments measured
the relations between perfusion rate, the rate of transepithelial
fluid absorption, and the TFIB chloride concentration ratio of
collected fluid in isolated rabbit superficial proximal straight
tubules perfused with Krebs-Ringer (KR) chloride solutions and
bathed with KR bicarbonate solutions. Figure 1 provides a
schematic representation of the frame of reference. Consider a
tubule of length L perfused at a rate of V0 in the x direction with
a KR chloride solution and bathed with a KR isotonic bicarbon-
ate solution. (For convenience, organic solutes are omitted
from the perfusate to preclude sodium absorption by cotrans-
port with such solutes.) Under this circumstance, sodium
absorption coupled to active transport processes is limited to
two types: that linked to urinary acidification and resulting in
sodium bicarbonate absorption [7, 15]; and rheogenic sodium
absorption accompanied by passive chloride efflux [13]. The
transepithelial voltage (Ve) for these conditions is displaced
lumen-positive from the Donnan equilibrium voltage [3. 4, 13,
19], thus providing electrochemical gradients for sodium and
chloride efflux and for bicarbonate influx.
Consider the forces opposing and favoring fluid absorption
under these conditions. As fluid moves along the length of the
tubule, both passive chloride efflux and passive bicarbonate
influx tend to dissipate anionic TF/B concentration ratios,
thereby favoring the development of osmotic equilibrium be-
tween luminal and peritubular media. Moreover, these tubules
are remarkably permeable to water [5, 6], are more permeable
to sodium chloride than to sodium bicarbonate [3, 4, 7, 15. 161,
and have a higher reflection coefficient (ri. for the i-th species)
for bicarbonate than for chloride ions [3, 4, 20]. Therefore, the
development of osmotic equilibrium between luminal and pen-
tubular media also involves an absolute rise in luminal fluid
osrnolality.
A number of factors maintain osmotic disequilibrium between
luminal and peritubular media under these conditions. These
include dissipative sodium chloride efflux [3]; rheogenic sodium
absorption and its associated passive chloride effiux [13];
actively mediated sodium bicarbonate absorption [4, IS]; and
increasing the luminal perfusion rate, a maneuver that tends to
minimize the effects of transepithelial transport events on the
composition of tubular fluid [5, 6, 12].
This argument may be stated more quantitatively. The axial
volume delivery rate is the perfusion rate V° and the axial solute
delivery rate j is:
j, = C,° VO (I)
where Cf' is the osmolar concentration of the i-th solute in the
perfusate. The radial volume removal rate J is
Jv ;v (T (C1h — C) (2)
where, for the i-th solute, C' is the bath osmolar concentration,
V. is the partial molar volume of water, and C, is the integrated
luminal osmolar concentration, which is given by
=
of C1'dx
L (3)
where CX is the luminal concentration at any plane x normal to
the tubule. Finally, the radial solute removal rate J is
= J1 + r1 (4)
where the superscript p denotes passive transport and T de-
notes active transport.
.
—
As V° increases, the ratios j/J, and V°IJ will also increase, C1
will approach C°, and osmotic disequilibrium between luminal
and penitubular media will be maintained. Thus, in the case of a
tubule perfused and bathed with KR chloride and KR bicarbon-
ate solutions, respectively, one expects that the rate of solute
and fluid absorption, and the collected fluid chloride concentra-
tion, will increase monotonically with the perfusion rate; and
that, at any perfusion rate, inhibition of solute absorption
driven by active transport processes should result in a lower
rate of net fluid transport and in a reduced TF/B chloride
concentration ratio. Moreover, if the transport properties of the
epithelium are unaffected by perfusion rate, the dependence of
J, J, and collected chloride fluid on perfusion rate should be
referable primarily to maintenance of the electrochemical and
osmotic gradients imposed between perfusate and bath.
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Table 1. Measured ionic compositions of perfusing and bathing solutions'
Potassium
Solution mEq/kg H20
KR chloride perfusate 141.8 0.3 4.93 0.03 147.8 0.9 (N = 21)
KR chloride bath 149.5 0.7 5.25 0.04 138.6 0.9 (N = 13)
KR bicarbonate perfusate 140.1 2,2 4.77 0.07 121.6 1.9 (N = 3)
KR bicarbonate bath 152.6 0.3 5.24 0.02 115.9 0.8 (N = 37)
a Protein concentrations measured by the Biuret method were 5.8 0.1 g/dl in KR chloride bath and 5.9 0.1 g/dl in KR bicarbonate. Both bath-
ing solutions were found to have 94.4% H20 wt/vol, in accord with our earlier observations [13, 181. KR denotes Krebs-Ringer solution,
The present experiments were designed with this rationale in
mind. Single superficial proximal straight tubules isolated from
rabbit renal cortex were perfused and bathed with KR chloride
and KR bicarbonate solutions, respectively; the perfusing solu-
tions lacked glucose, alanine, acetate, or other comparable
organic solutes. In a given tubule, we measured the variations
of J or the collected chloride fluid as a function of V°. In
another set of experiments, we measured the effect of ouabain
on J, or the collected chloride fluid in a given tubule at a given
perfusion rate. These data were evaluated in terms of a simple
model for isotonic fluid absorption that assumes, in accord with
earlier data [3, 4, 121, that intercellular spaces of these tubules
are in diffusion equilibrium with peritubular media.
Both the experimental data and the theoretical calculations
are in accord with the view that the driving force for isotonic
fluid absorption in these tubules depends on the axial mainte-
nance of osmotic disequilibrium between luminal and pentubu-
lar media, or in other words, on driving forces between the
solutions external to the epithelial compartment. By extension,
these observations are also consistent with the notion that small
differences between the effective osmolalities of luminal and
peritubular fluids, referable to a variety of tubular transport
processes, provide the driving force for proximal tubular fluid
absorption. The findings of Green eta! [181 are in partial accord
with this view for the in vivo condition; with certain exceptions,
the micropuncture observations of Green et al with rat proximal
tubules are in agreement with the data presented in this paper
for isolated rabbit proximal straight tubules. A preliminary
report of our observations has been presented elsewhere [21].
Methods
The experimental techniques used in the present studies have
been described in detail elsewhere [3—7, 13]. Proximal straight
tubule segments were isolated from female New Zealand white
rabbits, 2 to 4 kg in weight, which were maintained on standard
rabbit chow and water ad lib. The rabbits were killed by
decapitation, and tubule segments were dissected from kidney
slices immersed at room temperature in the KR bicarbonate
bath described below (Table I). Because we wished to accentu-
ate the dependence of volume absorption caused by changes in
solution composition along the length of a perfused tubule
segment, the dissected tubule lengths were kept as long as
possible. Superficial proximal straight tubule segments were
identified by the fact that they ran from the outer cortical
surface to the cortical medullary junction. The distal ends of
these segments were always removed so that the appearance of
the perfused segment was uniform in outside diameter and
epithelial thickness. The range of lengths used was 1.9 to 3.6
mm, with a mean length of 2.75 (sEM) 0.05 mm for 148
tubules.
After dissection, tubule segments were transferred in a drop
of the bathing solution to the perfusion chamber, which was
mounted on the stage of an inverted microscope. This chamber
contained the same bathing solution at room temperature. The
tubule was then attached between glass micropipets, as de-
scribed previously [3—7, 13], and was perfused at 10 to 15 nI/mm
for 10 to 20 mm. The temperature was raised to 38° C over an 8-
to 12-mm period and was maintained at 0.5° C by means of a
temperature controller [7]. The experiments were carried out at
38° C unless otherwise indicated.
In all experiments, net volume absorption (J) was measured
as the difference between the perfusion (V°) and collection (VL)
rates, normalized per millimeter per tubule length [3, 4, 71. The
perfusion rate was calculated by using exhaustively dialyzed [7]
methoxy-3H-inulin (New England Nuclear, Boston, Massachu-
setts), which was added at a concentration of 25 to 50 p.Ci ml
to the perfusate. The collection rate was measured by using
constant-bore sampling pipets with the capacity of approxi-
mately 1.2 nI/mm of length. The transepithelial voltage at the
perfusion end (ye0, lumen side of bathing solution) was mea-
sured between 0.9% sodium chloride plus 4% agar electrodes in
the perfusate and bathing solutions.
In some experiments, the chloride concentration was mea-
sured in the collected fluid as described previously [3, 4, 17, 19].
Samples for chloride analysis were collected in the same
constant-bore glass capillary tubing that was used to measure
the collected volume for volume absorption samples. In this
way, the collection rate could be determined for the chloride
sample, which was then transferred to a plastic (Lucite®) dish,
under mineral oil, where it was analyzed for chloride concentra-
tion by the method of Ramsey, Brown, and Croghan [22]. Each
sample taken for chloride analysis was preceded by and fol-
lowed by samples for volume absorption measurement at the
same perfusion rate. In this way, each chloride sample was
bracketed by samples of known perfusion rate, which together
with the measured collection rate of the chloride sample al-
lowed a reasonable estimate to be made of the perfusion rate
during the collection of the chloride sample.
Perfusion rate was controlled with a microsyringe pump
(model 255-3, Sage Instruments Division, Orion Research,
Cambridge, Massachusetts), Using this system, we could
change the perfusion rate within 1 mm over a range from 2 to 45
nI/mm with a high degree of reproducibility within a given
experiment.
Sodium Chloride
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Composition of solutions. The bathing solution used for all
dissections and in most cases throughout an experiment is
referred to as KR bicarbonate bath and contained: 2 mt dibasic
and monobasic sodium phosphate (pH, 7.4), 25 m sodium
bicarbonate, 5.0 mrvi potassium chloride, 3.0 mi calcium chlo-
ride, 1.0 m magnesium chloride, 8.3 mivi o-glucose, 5.0mM L-
alanine, plus 6 gIdl bovine serum albumin and sufficient sodium
chloride to make the final measured osmolality 290 mOsm/kg
H20. The solution was equilibrated to a pH of 7.4 after bubbling
for 30 mm at 38° C with 95% oxygen and 5% carbon dioxide. In
some cases, when we wished to remove the transepithelial
anion gradient, the bathing solution was made up by replacing
sodium bicarbonate with sodium chloride and bubbling it with
pure oxygen as described previously [3]. This bathing solution
is referred to as KR chloride bath. In all cases, the albumin used
for the bathing solutions was fraction V bovine serum albumin
(Rheis Chemical Company, Phoenix, Arizona), which was
treated with activated charcoal and dialyzed exhaustively as
described previously [19].
The perfusing solution used in most cases is referred to as KR
chloride perfusate and contained 2 mi,vi dibasic and monobasi:
sodium phosphate (pH 7.4), 5.0 m potassium chloride, 1.5 mti
calcium chloride, 0.7 m magnesium chloride, 13.3 m urea.
Sufficient sodium chloride was added to make the osmolality
290 mosmlkg 1120, and the solution was equilibrated with
oxygen. In some cases, to remove the transepithelial anion
gradient, 25 m sodium bicarbonate was used to replace an
equivalent amount of the sodium chloride and the solution was
equilibrated to a pH of 7.4 with a 95% oxygen and 5% carbon
dioxide gas phase. This solution is referred to as KR bicarbon-
ate perfusate. The final measured concentrations of sodium,
potassium, and chloride of all perfusate and bathing solutions
used is given in Table 1. In every experiment, considerable care
was taken to ensure that the final osmolality of each perfusate
and bathing solution measured 290 m0sm/kg H20.
Statistics. Measurements in a given tubule were used to
compute a mean value of net volume absorption or chloride
concentration at a given perfusion rate. Generally, there were
three to four measurements per tubule for a given set of
experimental conditions such as perfusion rate or the presence
or absence of ouabain. The mean values for individual tubules
were then used to calculate a mean value, which is expressed
with the standard error of the mean (5EM) appended and with
the number of tubules indicated. When control and experimen-
tal observations were made within the same tubule, P values for
the mean paired differences were computed and compared with
zero using Student's t test.
Results
Relation between J. and V°. Figure 2 summarizes the experi-
mental results in a series of 16 tubules perfused and bathed at
38° C with KR chloride and KR bicarbonate solutions, respec-
tively. In each instance, J,. was measured in a given tubule at
each of the perfusion rates indicated in Fig. 2; the sequence for
different perfusion rates was varied at random among different
tubules to minimize the possibility of temporal artifact. Figure 2
illustrates clearly that J, increased monotonically with the
perfusion rate when the latter was in the range 4 to 30 nI/mm. At
a perfusion rate of approximately 10 nI/mm, J, was about 0.40 nI
min mm, in accord with our earlier measurements [3, 4] of
-I
10 20 30 40
Perfusion rate ("°), n//rn/n
Fig. 2. Relation between J and V°. In each tubule, J was measured at
each of the indicated perfusion rates. The latter were varied at random,
among different tubules, to exclude temporal artifacts. The data are
expressed as mean values SEM for the indicated number of tubules.
The curve connecting the data points was drawn by eye.
J using a KR chloride perfusate, a KR bicarbonate bath, and
comparable perfusion rates.
Table 2 and Figure 3 illustrate the relations between ouabain,
perfusion rate, and fluid absorption. The three sets of experi-
ments reported in Table 2 show the effect of ouabain on J, in
paired observations when the perfusion rate in each experiment
was held constant; the control and ouabain periods were varied
at random among different tubules. The results in Table 2 show
clearly that, for perfusion rates ranging from 10 to 20 nI min',
the absolute rate of fluid absorption inhibited by ouabain was
approximately 0.2 nl min mm; at a perfusion rate of
approximately 30 nl min', ouabain inhibited 0.28 nI min
mm of fluid absorption.
Figure 3 shows the results from Table 2 presented graphical-
ly. It also shows the curve used to connect the experimental
data points in Fig. 2. Two results warrant particular attention.
First, it is obvious that, in the absence of ouabain, there was
close agreement between the experimental results shown in Fig.
2 and those listed in Table 2. Second, inspection of the results in
Fig. 3 indicates that, within the limits of experimental error, the
increase in J,, that accompanied an increase in perfusion rate
was referable primarily to the ouabain-insensitive component of
fluid absorption, that is, to that component of fluid absorption
driven by passive salt transport [3, 41.
The following data demonstrate these results more explicitly.
From Fig. 2, we obtain the following relations between V° and
J: at V° = 11.03 0.55 nI min', J,, = 0.38 0.03 nI min
mm'; at V° 19.5 nI mini, J = 0.50 0.05 nl
min mm; and at V° = 29.8 1.0 nI min', J = 0.62
0.04 nI min' mm'. Evidently, the J, data at V° values of
either 10 or 20 nI min are virtually identical in Fig. 2 and in
Table 2; thus the values listed in Table 2 for these two
perfusion rates would be the same if computed using data from
Fig. 2. On the other hand, the J, of 0.62 nl min' mrn
shown in Fig. 2 for a V° of —30 nI min is slightly less than the
0.8
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Table 2. Perfusion rate-dependence of fluid absorption°
o
ni/mm
Ouabain b
M
ath, J
nl',ninmm AJ
N = 7; length = 2.3! 0.07 mm
11.0 0.6 — 0.38 0.03 0.20 0.05
12.8 1.3 +
N = 7; length
0.18 0.03
2.63 0.19mm
(P < 0.001)
22.5 1.4 — 0.50 0,06 0.19 0.07
22.2 1.1 -t-
N = 9; length
0.31 0.04
= 2.36 1.0mm
(P < 0.001)
32.5 0.08 — 0.70 0.06 0.28 0.06
30.6 0.80 4- 0.42± 0.05 (P < 0.001)
a In each set of experiments, J, was measured at 38° C in the presence and absence of ouabain at a perfusion rate that was held constant within
the limits of experimental error. The control and ouabain periods were varied at random among different tubules to minimize temporal artifacts.
The data are expressed as mean values SEM for the indicated number of tubules. The tubule lengths for each group are expressed as mean values
SEM.
10 20 30 40
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Fig. 3. Effect of ouabain on the relation between J and '°. The data are
those from Table 2. The solid curve is from Fig. 1. The dashed line was
drawn by eye.
ouabain-free i,. of 0.70 nl min'1 mm' listed in Table 2 for a
V° of —30 nI min mm. By averaging these two values,
one obtains aJ of 0.66 nl min mm, which in turn yields a
of 0.24 nl min' mm for the ouabain-sensitive
component of J at that perfusion rate.
The results in Figs. 2 and 3 and Table 2 permit two general
conclusions. First, the amount of fluid absorption coupled to
active sodium absorption (that is, the ouabain-sensitive compo-
nent of J) was approximately 0.20 to 0.28 nI min mm
with perfusion rates in the range of 10 to 30 nl min'. It would
have been desirable to extend this analysis to a wider range of
perfusion rates, but the limitations for estimating J, in single
tubules preclude such an assessment. Second, it is evident from
these data (that is, Figs. 2 and 3, Table 2) that the increase in J
that accompanies an increase in V° depends largely, and
possibly exclusively, on the ouabain-insensitive component of
J, or in other words, on solute transport processes driven by
passive forces.
Green et a! (this issue [181) have carried out a comparable set
of experiments using in vivo micropuncture of rat proximal
convolutions; the proximal tubules were perfused with the
equivalent of KR chloride solutions and, in certain instances,
peritubular capillaries were perfused with the equivalent of KR
bicarbonate solutions. These workers found, in accord with the
present observations, that J increased monotonically with V°,
and that the component of J, driven by passive salt gradients
also increased monotonically with V°. Because the ouabain-
sensitive i in our studies varied between 0.20 and 0.28 nI
min mm for perfusion rates in the range of 10 to 30 nI
min, the present data do not permit us to identify whether or
not the ouabain-sensitive component of J,, in these isolated
tubules was flow-independent or flow-dependent, as reported
by Green et al (cf. below). Green et al, using in vivo rat
proximal convolutions, also found that the rate of fluid absorp-
tion coupled to cyanide-sensitive active salt absorption also
increases monotonically with perfusion rate. As indicated
above, the changes in the ouabain-sensitive component of J..,
with varying perfusion rates do not permit us to identify
whether or not, in our experiments with isolated tubules, the
ouabain-sensitive component of i, was flow-dependent or flow-
independent.
Effect of abolishing transepithelial anion gradients. Previous
observations [3, 4, 7, 8, 13, 17, 19] indicate that, in isolated
rabbit proximal tubules perfused at a constant rate, either
cooling or ouabain inhibits virtually all active salt absorption
and abolishes the rise in tubular fluid chloride concentration
produced by preferential sodium bicarbonate absorption from
KR bicarbonate perfusates [15, 171. But neither ouabain nor
cooling has an effect on the passive permeability properties of
proximal tubular epithelium [3, 4, 71. In the present experi-
ments, isolated superficial proximal straight tubules were per-
fused at different flow rates when no transepithelial anion
gradients existed betweeen perfusate and bath, and when fluid
absorption coupled to active salt transport was inhibited either
by cooling to 23° C or by adding i0 M ouabain to the bath.
The results are shown in Fig. 4; for convenience, the curves
from Figs. 2 and 3 have been reproduced in Fig. 4. The data
shown in Fig. 4 indicate clearly that, with either KR chloride
(open symbols) or KR bicarbonate (closed symbols) solutions in
both the perfusate and bath, and with active salt absorption
inhibited either by ouabain or by cooling, the net rate of fluid
Gradient; no ouabain
0.8
0.6
0.4
0.2
E
C
>
— —
Gradient; ouabain
+
Fluid transport in superficial pars recta 593
absorption was virtually zero at perfusion rates of 10 to 15 nI
min, and less than 0.1 nI min mm' at perfusion rates in
the range of 27 to 30 nl mm'.
The latter results thus provide a reasonable index to the
precision with which i. can be measured at a perfusion rate of
approximately 30 nI ' mm'. As indicated in Fig. 4, when there
is no apparent driving force for fluid transport, one obtains a
of approximately 0.08 nl min mm1 in a 3.08-mm-long
tubule perfused at a rate of 28 nI min. The absolute rate cf
fluid absorption in these experiments was therefore 0.25 nI
mm , which means that the rate of tubular fluid collection was
27.75 nl min l We interpret these results to indicate that little
significance can be attached to absolute differences of approxi-
mately 0.25 nI min between perfusion and collection rates,
when the former exceed 25 nl min.
It should also be noted in this regard that alanine plus glucose
in the bathing solutions were replaced isosmotically with urea in
the perfusate (see Methods), and that i was essentially zero in
the presence of ouabain when anion gradients were absent (Fig.
4). These results are identical to those reported previously by us
l—6J, Thus, we conclude that disparities between urea and
glucose plus alanine in the perfusate and bath, respectively, did
not drive fluid absorption.
Relation between 170 and collected chloride fluid. In the series
of 10 tubules reported in Fig. 5, collected tubular fluid for
chloride concentrations were measured in each tubule at each
of the five perfusion rates indicated: the latter were varied at
random among different experiments. This set of experiments is
therefore directly analogous to those shown in Fig. 2. The
results in Fig. 5 indicate a monotonic increase in the collected
fluid chloride concentration with increasing perfusion rate: at
perfusion rates less than 5 nI min. the collected fluid
chloride concentration was approximately 10 mEq liter' less
than it was in the perfusate; and at perfusion rates of nearly 30
nI min, it approached that of the initial perfusate.
In the experiments reported in Table 3, the tubules were
perfused at a constant flow rate; and in each tubule, collected
fluid chloride concentrations were measured in the presence
and absence of l0— M ouabain in the bath. Thus, these
experiments are analogous in design to those presented in Table
2 and in Fig. 3. The data in Table 3 show clearly that, at a given
perfusion rate, the fall in tubular chloride concentration from an
initial perfusate value of 147.8 m was greater in the presence
than it was in the absence of ouabain; and that the difference
between values in the presence and absence of ouabain dimin-
ished with increasing perfusion rate.
The observations of Green et al [18] indicate that a relation
comparable to that shown in Fig. 5, between initial perfusion
rate and collected fluid chloride concentration, obtains with in
vivo micropuncture studies of rat proximal convolutions per-
fused with the equivalent of a KR chloride solution. But, in
contrast to the results presented in Table 3, Green et al did not
observe a significant rise in tubular fluid chloride concentra-
tions, for a given perfusion rate, with the addition of cyanide.
Discussion
The experiments reported in this article were designed to
evaluate the hypothesis that osmotic disequilibrium between
luminal and peritubular fluids is the driving force for isotonic
fluid transport in the isolated superficial proximal straight
20
Perfusion rate (/o)nh/min
Fig. 5. Relation between the chloride concentration of collected fluid
and %1°, In each tubule, the chloride concentration of collected fluid was
measured at each of the indicated perfusion rates. The latter were
varied at random, among different tubules, to exclude temporal artifact,
The data are expressed as mean values SEM for the indicated number
of tubules. The curve connecting the data points was drawn by eye. The
dashed line indicates the perfusate chloride concentration.
tubule [1, 2, 121. The experimental design depended on evaluat-
ing the interplay between axial solute delivery rates and radial
transepithelial transport processes using two maneuvers: varia-
tions in the tubular perfusion rate and/or the presence of
ouabain. Use of the latter agent was predicated on the fact that
ouabain has no detectable effect on the passive permeability
properties of superficial proximal straight tubules [3, 4, 7] but
inhibits virtually all solute absorption coupled to active trans-
E
E
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0.2
C-
Length; 3.08 0.09 mm
Gradient no ouabain
No gradient; + ouabain or cooling
(19) (12) l21)f (10)
I I
10 20 30 40
Perfusion rate (I0), ni/mm
Fig. 4. Relation between J, and V° in tubules perfused and bathed with
Krebs-Ringer (KR) chloride solutions (open symbols) or with KR
bicarbonate solutions (closed symbols) when active solute absorption
was inhibited either by cooling to 23° C or by adding io- M ouabain to
the bath. The results are expressed as mean values SEM for the
indicated number of tubules. The solid curve and dashed line are
reproduced from Figs. 2 and 3, respectively.
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Table 3. Perfusion rate-dependence of tubular fluid-to-bath (TF/B) chloridea
Ouabain bath, Chloride10 ' M mEq/liter Chloride
N = 7; length — 2.5 0.2 mm
+
N = 7; length 2.8 0.2 mm
31.0 1.7 — 147.4 1.4 2.1 0.8
29.5 2.0 + 145.3 1.0 (P <0.05)
a In each set of experiments, the chloride concentration of collected tubular fluid was measured in the presence and absence of ouabain at a
Perfusion rate that was held constant within the limits of exPerimental error. Control and ouabain periods were varied at random among different
tubules. The results are expressed as mean values SEM for the indicated number of tubules. The tubule lengths for each group are expressed as
mean values SEM.
port processes (see Fig. 4) [3, 4, 6—8, 13, 17], thus permitting an
assessment of fluid transport linked exclusively to dissipative
salt flows.
The experimental data indicate that, when the perfusate and
bath contained KR chloride and KR bicarbonate, respectively,
the rate of isotonic fluid absorption rose monotonically with
perfusion rate, primarily as a consequence of increases in the
ouabain-insensitive component of fluid transport (Figs. 2 and 3;
Table 2). It seems unlikely that the perfusion-rate-dependent
increases in J,. were the result of temporal artifact, because the
experimental design was deliberately random with respect to
time. Furthermore, judging by the results in Fig. 4, it is evident
that the J, data obtained with KR chloride perfusates and KR
bicarbonate baths were well beyond the random error, or noise
margins, of the experimental system. Finally, the variation of
tubular fluid chloride concentration with perfusion rate indi-
cates a monotonic increase in the collected fluid chloride
concentration with increasing V° (Fig. 5); and, at any given
perfusion rate, a greater dissipation of the transepithelial chlo-
ride concentration gradient with ouabain than without that
agent (Table 3).
Prior to evaluating these data in quantitative terms, it is
appropriate to present a qualitative analysis of the results.
Evidently, when these tubules are perfused with KR chloride
solutions and bathed with KR bicarbonate solutions, the devel-
opment of osmotic equilibrium between luminal and peritubular
fluids may occur because of two different kinds of events,
operating either individualy or in unison, First, there may be
dissipation of the oppositely directed transepithelial anion gra-
dients because of passive chloride effiux and passive bicarbon-
ate influx. Second, in the presence of oppositely directed anion
gradients, fluid absorption occurs because P is relatively high
[5, 6] and because crc, exceeds r [3, 4, 20]. But, because
sodium, chloride, and bicarbonate all have relatively high
reflection coefficients [3, 4, 201, volume flow produced by
oppositely directed chloride and bicarbonate gradients will
result in molecular sieving for these ionic species. This means
that, even without dissipation of chloride and bicarbonate
gradients, osmotic equilibration between luminal and peritubu-
lar fluids can occur because of a volume absorption-dependent
increase in the cryoscopic osmolality of tubular fluid. There-
fore, the maintenance of osmotic disequilibrium between tubu-
lar fluid and bath will depend both on the maintenance of
oppositely directed transepithelial anion gradients and on mini-
mizing rises in the cryoscopic osmolality of tubular fluid.
At a given perfusion rate, solute efflux processes provide the
primary way for maintenance of osmotic disequilibrium be-
tween external solutions, because the tubules are so highly
permeable to water that they act as "near-osmotic clamps."
For the experiments described in this paper, these solute efflux
processes include passive sodium chloride absorption [3, 41,
rheogenic sodium absorption associated with passive chloride
absorption [12, 13, 19], and actively-mediated sodium bicarbon-
ate absorption [7, 15, 17]. Because the latter two processes are
effectively inhibited by ouabain [3, 4, 7, 8, 13, 17], it is evident
that the axial rate of osmotic equilibration between luminal fluid
and bath, at a given perfusion rate, will be greater in the
presence than in the absence of ouabain. In accord with this
view, our data show that, at a given perfusion rate, addition of
ouabain produces both a reduction in J (Table 2) and a fall in
the TF/B chloride concentration ratio (Table 3).
A second way to maintain osmotic disequilibrium between
luminal and peritubular fluids is to increase the rate of tubular
perfusion. In the latter circumstance, the rate of axial volume
delivery becomes large with respect to radial solute or volume
transport rates (in terms of Eqs. 1—4, the ratios j1J1 and V°/L
both increase), and the composition of tubular fluid approaches
that of the perfusate. In accord with this view, our data indicate
that, either with or without ouabain, both J,,, (Figs. 2 and 3;
Table, 2) and the chloride TF/B ratio (Fig. 4; Table 3) increase
with V°. We now consider these arguments in more quantitative
terms,
Theoretical model. The formal analysis for predicting the
relations between axial volume delivery rates, radial transport
events, and the composition of tubular fluid is similar in form to
9.6 0.7
10.2 0.8
144.7 ÷ 1.4
138.0 2.7
6.6 1.9
(P <0.01)
Table 4. Ionic transport parametersa
Passive transport (P1), mmsec
Reflection coefficient (r1)
Active flow-independent transport(r); pEq'sec 'cm2
Active flow-dependent transport(r); pEq'sec 'cm2
At ¶'fO = 10 nlmin
At Y° = 20 nlmin'
At V° = 30 nl'min
Sodium Chloride Bicarbonate
0.23 0.73 0.20
0.91 0.70 0.96
5.2 0 2.2
5.2 0 2.2
6.2 0 2.6
7.3 0 3.1
a Symbols are defined in text.
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one considered previously [5, 12, 13] for a simpler system 8
containing only sodium chloride perfusates and bath. Consider
the cylindrical tubule of inside diameter d illustrated in Figure 1,
perfused and bathed with KR chloride and KR bicarbonate
solutions, respectively, each containing 290 mOsm/kg H20. For
ions: sodium, chloride, and bicarbonate. Furthermore, in keep-
ing with earlier analyses [3, 4, 12, 13], we assume that intercel-
lular spaces are in diffusion equilibrium with peritubular solu-
convenience, we will consider a system containing only three
tions, and therefore that external solutions (that is, the perfus-
ate and bath) provide the driving forces for isotonic fluid
absorption.
The axial solute delivery rate (Osm sec) for the i-tb
species is given by Eq. 1. From electroneutrality we have
4
10, 12 nI/mm
+ ouabain
.x •xJ Na = Jet + ,Jco, (5)
I I I
0 0.5 1.0 1.5 2.0 2.5 3.0
and
Tubule length IX), mm
Fig. 6. Relations between cryoscopic luminal osmolality and tubule
CXNA = C1 + (6) lengths. The predicted relations were computed according to theanalytical model for a Krebs-Ringer (KR) perfusate and a KR bicarbon-
where the superscript x refers to a plane normal to the tubule ate bath using the parameters listed in Table 4.
axis in the x direction, and solute concentrations are expressed
as Osm cm3. Equation 4 defines J1, the net rate of ion
absorption (Osm sec cm of tubule length); J?, the net rate Table 5. Comparison of experiment and theory: Effect of flow and
of passive ion absorption; and 'r1, the net rate of active ion
transport.
ouabain on the collected chloride concentrationa
Perfusion rate Observed chloride Predicted collected
The axial solute gradient at any plane x is also the radial rate
of solute transport at that plane and is given by [12, 13, 20, 231
nI/mm Ouabain inEq/liter perfused chloride
—
9.6 —2.5 —1.1
dj1
— = — dP1 [(Cr — C) + Ve C'1]dx RT
10.2 + —9.2 —5,3
31.0 — +0.2 0.2
29.5 + —1.9
+ (1 — ) C'1 — (7) a The observed values of chloride are from Table 3. The predicteddx values were derived by solving the analytical model for the experimen-
tat conditions in Table 2 using the parameters listed in Table 4.
where P1 is the ionic permeability coefficient ( cm sec ); d is
the tubule diameter; Z, is valence; F is Farraday's number, R is
the universal gas constant, and T is absolute temperature; and
C'1 is, to a sufficient approximation, (C1' + Cb)12. The axial parameters P and ci; the osmotic water permeability Pf; and 'r1,
gradient of volume flow at any plane x is also the radial rate of the rate of active ion transport.
volume flow at that plane and is given by The value of Pf chosen was 3500 msec, in accord with
dv — prior observations [5]. Table 4 lists the ionic parameters used
=
'irdP1 Vw I o'j (C1' — C1b) (8) for the analysis. The plasma concentrations of sodium and
C chloride are those reported previously [7], and that for bicar-
—
. . . bonate was obtained from Warnock and Burg [15]. The ionic
where V is the partial molar volume of water. Finally from
reflection coefficients are those reported previously [3, 4].Eqs. 5 and 7 we obtain [12, 13]: TNa was computed from the values listed in Table 2 by
RT assuming the fluid absorbate to be isotonic [3, 4, 7]. Because weVe = — cannot distinguish between a TNa that is flow-independent and
dv one that is flow-dependent, two types of "active plus passive"I Z P (C1x — Ch) — I Z (I — cr,) C'1 + I Z1 T1 models were chosen: one in which TNa was assumed to be
I
' C C
constant, and accounted for a J of 0,2 nlmin'mm; and one
ird P C' i in which 'tNa varied (that is, was flow-dependent) and gave theC
(9 following J,,, values: 0.2 nl' min mm at V° = 10 nI min;0.24nl•min"1 mm atV° = 20nlmin;and0.28nl'min
The differential Eqs. 7 and 8 may be solved by Runga-Kutta mm' at V° = 30 nl min '. From Table 2, this latter J, 'alue
numerical integration as described previously [12, 131 subject tCC was the highest J.,, observed with and without ouabain. Finally
the electroneutrality constraint (Eqs. 5, 6, and 9) to describe the 'rc was taken to be zero because chloride is passively transport-
variation in solute concentration along the length of the tubule ed in these tubules [191. THCO was taken to be 40% of TNa,
and the net volume efflux with tubule length. The required input because in these tubules, carbonic anhydrase inhibition blocks
parameters include the luminal solute concentrations at x = 0 approximately 40% of sodium absorption from solutions con-
and the bath ionic concentrations (Table 1); the passive ionic taming sodium bicarbonate [17].
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Perfusion rate, ni/rn/n
Fig. 7. Comparison of observed and predicted relations between J. and
V°. The open symbols are from Fig. 2 and Table 2; the closed symbols
are from Table 2. The theoretical curves were computed from the
analytical model for the experimental conditions in Fig. 2 and Table 2,
using the parameters listed in Table 4.
The computed change in cryoscopic luminal osmolality.
Figure 6 illustrates the predicted luminal changes in cryoscopic
osmolality with tubule length in the presence and absence of
ouabain and at two different perfusion rates, 12 nI min and 30
ni min. For convenience, the calculations shown in Fig. 6
were carried out assuming a flow-independent rate of active salt
transport. In all four circumstances, an early rise in cryoscopic
osmolality occurs because the oppositely directed transepithe-
hal anion gradients produce a volume efflux, and consequently
molecular sieving. This increase in cryoscopic luminal osmolali-
ty represents an approach to osmotic equilibrium in a tubule
highly permeable to water; in other words, the tubule operates,
as indicated before, as a "near-osmotic clamp" where water
flow dominates the approach to osmotic equilibrium. Figure 6
also shows that, for either of the two perfusion rates, inhibition
of active solute absorption by ouabain results in a greater
degree of osmotic equilibration between lumen and bath. Final-
ly, the results in Fig. 6 illustrate clearly that increases in the
axial delivery rate tend to minimze the rate of approach to
osmotic equilibration between tubular fluid and bath.
The change in luminal chloride concentration. Table 5 com-
pares the changes in the chloride concentration of collected
fluid predicted from the analytical model with those observed
experimentally (see Table 3). For convenience, the calculations
shown in Table 5 were done only for the case of flow-
independent active transport. It is evident that, at a perfusion
rate of --10 nI'min', both the theoretical calculations and the
experimental data indicate that, with ouabain addition, there is
a greater drop in the collected fluid chloride concentration, and
thereby a greater reduction in the effective transepithelial
osmotic gradient. Table 5 also shows that the theoretical
calculations predict, in reasonable accord with experimental
observations, that increasing perfusion rate reduces strikingly
the degree to which the transepithelial chloride gradients are
dissipated.
Perfusion-rate dependence of Jr,. The results in Fig. 6 and
Table 5 show directly the interactions of two sets of forces in
modulating fluid absorption from tubules exposed to a KR
chloride perfusate and a KR bicarbonate bath at varying
perfusion rates and in the presence or absence of ouabain. As
illustrated in Fig. 6, the volume elilux driven by anion asymme-
try tends to produce a rise in cryoscopic luminal osmolality that
is enhanced either by decreasing the perfusion rate or by
inhibiting active solute absorption. Likewise, Table 5 indicates
that, both in theoretical and in experimental terms, either
slowing the perfusion rate or inhibiting active solute absorption
enhances the degree to which transepithelial chloride gradients
are dissipated. Thus, it is clear that the algebraic sum of the two
types of events illustrated in Fig. 6 and Table 5 will determine
the degree of osmotic disequilibrium between lumen and bath
for a given set of circumstances.
In this regard, Fig. 7 compares the rates of fluid absorption
observed in the present studies with those predicted from the
analytical model by using the parameters listed in Table 4. The
data points are those from Fig. 2 and Table 2; the solid curve
indicates the predicted relation between J, and V° without
ouabain; one of the solid curves was drawn assuming TNa to be
flow-independent, whereas the other solid curve was drawn
assuming TNa to be flow-dependent. The dashed line shows the
predicted relation with ouabain. Two aspects of Fig. 7 warrant
particular attention. First, it is evident that the theoretical
relations between J. and V° are consistent with those anticipat-
ed from Fig. 6 and Table 5: either an increase in perfusion rate
or the presence of active solute absorption tend to enhance the
rate of isotonic fluid absorption by maintaining luminal fluid in
osmotic disequilibrium with respect to peritubular media. Sec-
ond, there was fair agreement between the experimental rela-
tions of fluid absorption to perfusion rate and those predicted by
theory, particularly for the passive transport case with perfu-
sion rates in the range 10 to 30 nI min. The active plus
passive data were more Consistent with a flow-independent TNa
than with a flow-dependent 'rNa, although the agreement was
not precise.
Comparison with in vivo data. The experiments reported by
Green et al [18], using in vivo micropunCture of rabbit proximal
convoluted tubules, provide evidence in partial support of the
view that osmotic disequilibrium between luminal and peritubu-
lar media may also account for fluid absorption in the in vivo
condition. Thus, these workers have observed a cyanide-
insensitive component of fluid absorption, which increases with
perfusion rate, when rat proximal convoluted tubules were
perfused with the equivalent of KR chloride solutions.
Green et al [18] also found that the rate of active solute
absorption increased with increasing perfusion rate, whereas
the present data do not permit us to distinguish, in isolated
tubules, whether active salt transport varies with perfusion
rate. Finally, Green et al 118] found, in contrast to our data, that
inhibiting active solute absorption did not accentuate the fall in
tubular fluid chloride concentration at a given perfusion rate.
Thus, an evaluation of the data of Green et a! in terms of the
osmotic disequilibrium hypothesis will depend, at least in part,
on assessing in quantitative terms the interplay of changes in
cryoscopic luminal osmolality (Fig. 6), changes in lumina!
chloride concentration (Table 5), and luminal flow rate, on the
effective driving force for fluid absorption.
Active plus paive;
TNo flow-dependent
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